The determination of nitrite and nitrate in aqueous environmental samples is of considerable interest in research concerning hydrological chemistry, chemical oceanography, and atmospheric chemistry. Nitrate is an essential nutrient which controls the biomass in natural water; the amount also indicates the extent of pollution and eutrophication of the aquatic environment. Nitrite is a nitrogen-cycle intermediate and a useful indicator of the equilibrium state of the oxidative and reductive pathways of the nitrogen cycle. Also, nitric acid and nitrous acid are very important trace constituents of the atmosphere in both the gaseous and particulate phases. Nitric acid is a major NOx sink in photochemical air pollution. Nitrous acid is recognized as a major source of a very reactive hydroxyl radical, which is a key intermediate for all photochemical oxidant formations. These gases and particulates are precursors of acid rain, and are deposited on the ground mainly by wet precipitation, such as rain and snow.
Introduction
The determination of nitrite and nitrate in aqueous environmental samples is of considerable interest in research concerning hydrological chemistry, chemical oceanography, and atmospheric chemistry. Nitrate is an essential nutrient which controls the biomass in natural water; the amount also indicates the extent of pollution and eutrophication of the aquatic environment. Nitrite is a nitrogen-cycle intermediate and a useful indicator of the equilibrium state of the oxidative and reductive pathways of the nitrogen cycle. Also, nitric acid and nitrous acid are very important trace constituents of the atmosphere in both the gaseous and particulate phases. Nitric acid is a major NOx sink in photochemical air pollution. Nitrous acid is recognized as a major source of a very reactive hydroxyl radical, which is a key intermediate for all photochemical oxidant formations. These gases and particulates are precursors of acid rain, and are deposited on the ground mainly by wet precipitation, such as rain and snow.
Among many analytical methods proposed for the determination of nitrate and nitrite, a widely used method for analyses of natural water samples is based on the reduction of nitrate to nitrite and a subsequent spectrophotometric determination via the Griess reaction, [1] [2] [3] which involves the diazotization of sulfanilic acid and successive coupling with 1-naphthylamine. Though numerous modifications have been suggested, primarily based on changing either the reagent being diazotized or coupled, sulfanilamide or sulfanilic acid and N- (1-naphtyl) ethylenediamine are the most popular couples. 4, 5 The spectrophotometric method can provide reliable results for natural water samples, but suffers from interferences from suspended and colored substances in the samples. Cox 6 proposed a chemiluminescence analysis technique, which is more highly sensitive and free from these interferences. The technique is based on the chemical reduction of nitrate and nitrite to NO and detection via a chemiluminescence reaction of NO with ozone. Garside 7 first applied this technique to seawater analyses. Braman and Hendrix 8 reported on an application used for environmental water samples. These methods used NaI for reducing nitrite to NO, and iron(II)-molybdate or vanadium(III) for reducing nitrate to NO. The reduction procedures in these methods require highly acidic conditions and/or operation at a relatively high temperature. In the monitoring method of ambient gaseous HNO2, 9 we employed ascorbic acid in a dilute H2SO4 for reducing nitrite to NO. This reagent is easy to handle and the reaction is rapid and quantitative at low nitrite levels. By reducing nitrate to nitrite with an alkaline hydrazine solution, the measurement system was further developed to a gaseous HNO3 monitoring method. 10 The coupling of the chemiluminescence detection with a flowinjection technique (FIA) would permit the development of sensitive, precise, rapid, and high throughput methodologies having a wide dynamic range. Aoki and Wakabayashi 11 reported a chemiluminescence-FIA method for the measurement of nitrite and nitrate in the environmental aqueous samples, based on the reduction of nitrate and nitrite together to NO with acidic Ti(III) chloride. The method is very attractive, but Ti(III) chloride reduction requires its high concentration and yields different amounts of NO from nitrate and from nitrite. Besides, Ti(III) chloride suffers from air oxidation. 12 This study is aimed at developing a simple and highly sensitive chemiluminescence-FIA method for the determination of nitrite and nitrate in natural water samples. We have applied A flow-injection analysis method for the determination of nitrite and nitrate in natural water samples has been developed that consists of two systems based on their reduction to NO with hydrazine and/or ascorbic acid, followed by chemiluminescence detection. The procedure of sweeping the generated NO into an NOx monitor, by means of a gasliquid separating coil consisting of microporous polytetrafluoroethylene (PTFE) tubing, offers practical advantages. The adjustment of the carrier gas-flow rates could yield the same calibration graphs for the two measurement systems, and the accumulation sweeping mode provides a higher sensitivity. Chemiluminescence detection allows a wide linear calibration range of 5 × 10 -8 to 5 × 10 -5 M. The detection limits for nitrate and nitrite, defined as three-times the standard deviation of measurement blanks, are 2 × 10 -8 M and 1 × 10 -8 M, respectively, and the average precision was 3.2% at ambient natural concentration levels. Recovery tests were between 94% and 106% for a variety of natural water samples. The method is relatively free from interferences from the substances normally found in natural water, and only ferric ion has an effect for the nitrite determination. the techniques for reducing nitrate and nitrite to NO and for purging NO that were used in the continuous monitoring method of gaseous HNO2 and HNO3. 10
Experimental

Reagents
All of chemicals used were of analytical-reagent grade from Wako Chemical Industries. Reagent solutions were prepared with high-purity water from a Millipore Milli-Q purification system. Stock standard solutions of 1 × 10 -3 M NO3 -and NO2 -were prepared in water from potassium nitrate and sodium nitrite dried at 110˚C, respectively. Working standard solutions were prepared by diluting the respective stock standard solutions to the desired concentration with water. Stock solutions of 0.1 M hydrazine and 0.01 M Cu(II) were prepared by dissolving N2H4·H2SO4 and CuSO4·5H2O in water, respectively. A 0.3 M ascorbic acid solution was prepared in 0.6 M H2SO4.
Equipment and FIA system
A schematic of the flow-injection analysis system is shown in Fig. 1 . Solution delivery was carried out with multichannel peristaltic pumps (Gilson Minipuls 2, Gilson Medical Electronics).
A sample was injected by using an electromechanically actuated 6-port rotary valve equipped with an injection loop. The loop was made from a 0.5-mm i.d.-polytetrafluoroethylene (PTFE) tubing. A timer was used to automate the loading/injecting functions of the valve. A reaction coil for reducing nitrate to nitrite was made of a 0.7-mm i.d., 6 m length of PTFE tubing. A gas-separating coil for NO also served as a reaction coil for reducing nitrite to NO, and consisted of two tubes. The inner tube was made of a microporous PTFE tubing (1-mm i.d., 2-mm o.d., 2 m length, 1-µm pore size, 60% porosity, Sumitomo Denko, Inc., Poreflon tube TB-21). The outer tube was made of a 3-mm i.d. silicone tubing. A carrier gas flows in the annulus between two tubes to sweep the diffused NO into an NOx monitor. The flow lines were made of 0.7-mm i.d. PTFE tubings. In order to reduce the amount of water vapor diffusing through a microporous tube of the gas-liquid separating coil, an additional 20 cm length of coil was placed in the line before the gas-liquid separating coil and immersed in an ice-water cold bath. Passage of the reaction mixture through the cooling coil produced no significant change in the amount of diffused NO. A measurement of NO was made with a chemiluminescence NOx monitor with a reaction cell volume of 16.4 ml (Monitor Labs Model 8840). The outputs from the monitor were fed to a strip-chart recorder and the resultant peak heights were measured.
Procedures
Total of nitrate and nitrite. The sample was loaded in a 1.1 ml loop by simultaneously pumping the sample at a flow rate of 1.0 ml min -1 and 0.5 M NaOH at a flow rate of 0.1 ml min -1 , and injected into a stream of 1.8 ml min -1 of the carrier water. The carrier stream was merged with a stream of 0.2 ml min -1 of 1.8 × 10 -2 M hydrazine-8.5 × 10 -5 M Cu(II) into a 6 m length of reaction coil submerged in a water bath kept at 35˚C. The stream was merged again with a stream of 0.2 ml min -1 of 0.3 M ascorbic acid in 0.6 M H2SO4 and was followed by a 2 m length of gas-liquid separating coil. The generated NO was swept from the gas-liquid separating coil into an NOx monitor by a room-air freed of NO by passing through a filter immersed with cobalt(III) oxide. 13, 14 In an analysis of seawater, the sample was pretreated prior to loading in the FIA system. A 10 ml portion of 1.0 M NaOH solution was added into a 100 ml sample. After filtrating the Mg(OH)2 precipitate, the filtrate was diluted three-fold with water.
Nitrite.
The procedure for the nitrite analysis was identical with that for the total of nitrate and nitrite with the exception of employing water in place of a hydrazine-Cu(II) solution.
Results and Discussion
Flow-injection system variables for nitrite determination
The parameters which affect the reduction of nitrite to NO are the ascorbic acid concentration and the H2SO4 concentration in the ascorbic acid solution. Based on results obtained in the earlier continuous-flow system, 9 a reagent stream of 0.2 ml min -1 of 0.3 M ascorbic acid in 0.3 M H2SO4 was employed for all experiments on an FIA system for nitrite. An evaluation of the reduction time and the injection volume was performed using a flow system consisting of a single mixed-reagent line and a gas-liquid separating coil. We first examined the effect of the reaction time on the reduction of nitrite to NO. The gasliquid separating coil serves not only as a coil for separating the resultant NO from aqueous phase, but also as a reaction coil for reducing nitrite to NO. The reduction time, which corresponds to the residence time of the reaction mixture in the coil, is therefore determined by both the coil length and the flow rate of the reaction mixture. Experiments were carried out using 50-cm and 200-cm lengths of gas-liquid separating coils and injecting solution flowing at rates of 0.4 ml min -1 -2.0 ml min -1 . The resultant NO diffusing through the inner microporous-tube into the annulus between two tubes of gas-liquid separating coil was swept into an NOx monitor by two modes: a continuous mode and an accumulation mode. In the continuous mode, the diffused NO was continuously swept into an NOx monitor by a carrier gas. In the accumulation mode, NO was accumulated in the annulus of the coil by stopping the carrier gas flow while the reaction mixture passed through the coil, and afterwards was immediately swept into the NOx monitor. Figure 2 presents the results obtained by the accumulation mode. The reduction of nitrite to NO was quantitative when the residence time was between 0.5 min and 1.0 min. Below about 0.5 min the reduction was not quantitative due to an insufficient reaction time, and above 1.0 min an over-reduction of nitrite seemed to occur. Although one of the main features of FIA technique is that the chemical reaction need not reach a steady state, we chose a reduction time of between 0.5 min and 1.0 min in order to obtain the highest sensitivity. These reduction times could be obtained by passing the reaction mixture through a 2 m length of gas-liquid separating coil at flow rates ranging from 3.1 ml min -1 to 1.6 ml min -1 , corresponding to the carrier solution flow rates of 2.9 ml min -1 -1.4 ml min -1 . Under these conditions, we examined the effect of the carrier solution flow rate on the NO peak height in the respective sweeping mode; the results are shown in Fig. 3 . As might be expected, the peak height in the accumulation mode was constant at the carrier solution flow rates examined. On the other hand, the peak height in the continuous mode showed a linear relation to the carrier solution flow rate. In this mode, an increase of the carrier solution flow rate results in carrying more of nitrite into the coil per unit time.
Supposing that nitrite immediately reacts with the ascorbic acid, consequently, the resultant NO concentration i.e., the NO peak height would increase with the carrier solution flow rate, and also the peak width would decrease. In the continuous mode, therefore higher flow rates of carrier solution are advantageous in point of sensitivity, but require a longer length of the reaction coil for a prior reduction of nitrate to nitrite in the total measurement system. A carrier solution flow rate of 2.0 ml min -1 was chosen as a compromise. The effect of the injection volume on the NO peak height was also examined. Measurements were made for injection volumes of 0.1 ml to 2.0 ml by using a 2 m length of gas-liquid separating coil at a carrier solution flow rate of 2.0 ml min -1 .
The peak height observed in the accumulation mode was proportional to the injection volume; the sensitivity in this mode was directly proportional to the sample volume. In the continuous mode, on the other hand, sample volumes greater than 1.0 ml caused the NO peak height to approach a steady state without appreciably increasing the sensitivity of the system; 1.0 ml was chosen as the sample volume.
Chemical and FIA variables for nitrate determination
Most methods for nitrate determination involve a prior reduction of nitrate to nitrite, usually by flowing through a copperized cadmium coil. We found in the earlier work that the reducing power of copperized cadmium deteriorated with use because of contact with air bubbles accidentally introduced into the coil, and the reproducible regeneration of the reductant was rather difficult. Thus, homogeneous procedures, employing reducing agents, such as iron(II)-molybdate, 6 ,15 vanadium(III) chloride, 8 titanium(III) chloride, 11, 12 and hydrazine sulfate, [16] [17] [18] appear to be more suitable for flow systems. The reagents all reduce nitrate to NO, except for hydrazine sulfate. The reduction with iron(II)-molybdate and vanadium(III) requires strongly acidic conditions and/or operation at a relatively high temperature (80 -100˚C). The yield of NO from nitrate with titanium(III) chloride reduction was reported to be about half of that from nitrite. 11 The reducing power of hydrazine sulfate is not sufficiently strong as to reduce nitrate to NO, but does reduce nitrate to nitrite under mild conditions in the presence of a Cu(II) catalyst. We employed an alkaline hydrazine solution for reducing nitrate to nitrite in this study as well as in the previous work, and examined the effects in the FIA system of hydrazine and Cu(II) concentrations in the reaction mixture, and of the reaction time on the reduction of nitrate to nitrite. The experiments were carried out by employing 2 × 10 -6 M nitrate and nitrite in 0.05 M NaOH under conditions where the injection volume was 1.0 ml, and the flow rates of carrier solution and hydrazine solution were 1.8 ml min -1 and 0.2 ml min -1 , respectively. The successive reduction of nitrite to NO was performed with 0.2 ml min -1 of 0.3 M ascorbic acid in 0.6 M H2SO4 through a 2 m length of gas-liquid separating coil. The yield of NO from nitrate steadily increased with the hydrazine concentration, and became equal to that from nitrite at 1.6 × 10 -3 M. Also, the system required more than 8 × 10 both nitrate and nitrite decreased slightly, indicating an overreduction. In addition, a quantitative reduction required a reaction time of more than 1.0 min, which could be attained by passing the reaction mixture through a 0.7 mm i.d. coil of more than 5.2 m in length at a carrier solution flow rate of 1.8 ml min -1 . A 6 m length of coil was employed as a reaction coil.
The FIA systems with and without a hydrazine reduction procedure, determined the total concentration of nitrate and nitrite, and the concentration of nitrite alone, respectively. Nitrate is thus the difference.
Sensitivity, calibration graph, and limit of detection
As expected from the fact that the light emission from the NO/O3 reaction is linear over several orders of magnitude, the calibration graphs obtained by plotting the NO peak height vs. the concentration were linear over a wide range of 10 -7 M to 10 -5 M for both nitrite and nitrate (Fig. 4) . The peak height of the generated NO depends not only on the carrier gas flow rate, but also on the mode of sweeping NO into an NOx monitor: accumulation mode or continuous mode. The analytical sensitivity (m), expressed as the slope of a straight-line calibration graph, would be proportional to the product of the reduction yield (η1) of nitrite from nitrate and the yield (η2) of NO from nitrite. Also, it would be inversely proportional to the carrier gas flow rate (P) in the continuous mode and to the instrument response efficiency (ε) in the accumulation mode: m ∝ η1η2/p in the continuous mode, m ∝ η1η2ε in the accumulation mode.
Under the proposed experimental conditions, η1 was 0.86, η2 was ≥ 0.99, and ε was 0.50 for the carrier gas flow rate of 0.23 l min -1 . In the accumulation mode, the instrument response time can be very important. With the instrument electronics set for 5-s time constant, 12 s was required for the signal to change from 10% to 90% of its maximum value. Therefore, when the residence time of NO in the monitor reaction cell was below 12 s, the NO peak heights observed in the accumulation mode were smaller than those of the actual concentrations due to the insufficient response time, and increased with an increase in the residence time. Namely, the response efficiency depends on the instrument response time and the residence time. As the residence time is given by dividing the reaction cell volume with the carrier gas flow, the response efficiency, ε, results in being inversely proportional to the carrier gas flow rate. Therefore, high sensitivities can be obtained in both continuous and accumulation modes when the carrier gas flow rate is low, and in the accumulation mode when the instrument response time is short as well. A low flow rate of carrier gas and short time constant, however, are inevitably limited by the used NOx monitor (0.23 l min -1 and 5-s in this study). The calibration graphs in Fig. 4 were obtained at a carrier gas flow rate of 0.23 l min -1 . As shown in Fig. 4 , the sensitivities in the accumulation mode were approximately fourtimes those in the continuous mode. The slopes of the calibration graphs for nitrate and nitrite in the total measurement system were the same within the statistical variation. If the calibration graph for the nitrite measurement system also had the same slope, both nitrite and nitrate could be determined from only one calibration graph. This becomes a practical advantage. The difference in the sensitivities observed between the total and nitrite measurement systems was due to the difference of the reducing process to NO: two-step reduction for the total system, but one step for the nitrite system; namely, the difference corresponds to η1 (0.86). Accordingly, the same calibration graphs for the two measurement systems are easily obtained by setting the carrier gas-flow rate in the nitrite system to 1/η1 (1.16) times that in the total system. The strict setting and regulation of the gas-flow rates can be easily made with mass flow controllers.
The limit of detection was estimated to be approximately 1 × 10 -8 M for nitrite and 2 × 10 -8 M for nitrate in both the accumulation and continuous modes, using k = 3SB/m, where SB is the standard deviation of the blank and m is the slope of the calibration graph. The higher limit of detection for nitrate was due to the larger blank.
Interferences, precision, and accuracy
Of the species commonly present in natural water samples, ferric, calcium, and magnesium ions have been reported to give strong negative effects in the photo-reduction of nitrate to nitrite. 18 Also, soluble organic materials, such as amino acids, would interfere with hydrazine-reduction, probably by chelating the Cu(II) catalyst. 19 We examined the effects of these possible interfering species and other nitrogen species, such as ammonia and urea. The results are given in Table 1 . Of the tested species, ferric ion produced serious negative interferences for both nitrate and nitrite, and ammonium ion produced positive interference for nitrate. Measurements of the salinity effect were also carried out using variously diluted artificial seawater samples containing nitrate or nitrite standard, because the hydrazine reduction of nitrate in seawater was reported to require a high temperature or long period of time. 20 The reduction of nitrite to NO was not affected by the salinity, but the reduction of nitrate to nitrite was quantitative only when the salinity became one-third of that of artificial seawater. The effect of the salinity on nitrate reduction appeared to be due to Ca 2+ interference, because the Ca 2+ concentration in a solution with a salinity one-third of that of artificial seawater was about 3.4 mM, which was nearly equal to the maximum concentration before interference was observed ( Table 1) .
The precision of the proposed method was estimated from five replicate analyses of each of the real natural water samples. The accuracy was also checked by recovery tests. A variety of natural water samples, including rainwater, snow, coastal seawater, and groundwater, were collected, filtered through a membrane filter with a pore size of 0.45 µm, and spiked with nitrate or nitrite standards. In the analysis of seawater, each sample was pretreated prior to being loaded into the FIA system; a 10 ml of 1.0 M NaOH solution was added into a 100 ml sample solution and the precipitate of Mg(OH)2 was removed by filtration. The filtrate was diluted threefold with water for the nitrate determination. The results are summarized in Table 2 . As can be observed, the precision values, expressed as a percent relative standard deviation, were between 1.4% and 9% over the concentration range of 5 × 10 -5 to 6 × 10 -7 M; the average precision was 3.2%. The spike recoveries were between 94 and 106%. The good recoveries indicate that an accurate analysis can be performed for rainwater, snow, and groundwater samples without any pretreatments, and for seawater with pretreatment procedures of removal of Mg(OH)2 and the successive dilution with water for nitrate.
The proposed method was applied to the determination of nitrite and nitrate in rainwater samples. Rainwater was sampled for every 1 mm of precipitation. Some representative results are given in Table 3 . The nitrate concentration in rain samples, as commonly observed, was relatively high during the early stages of precipitation.
In conclusion, the FIA system presented here permits nitrite and nitrate measurements by only one calibration graph, and has a large dynamic range, high sensitivity, and good precision. It provides a sample throughput of more than 26 samples/h.
